Background and Objectives Staphylococcus epidermidis is a predominant contaminant of platelet concentrates (PCs), outcompeting other skin flora bacteria such as Staphylococcus capitis. The accumulation-associated protein (Aap), encoded by the aap gene, is involved in formation of bacterial aggregates (biofilms) in S. epidermidis and is absent in S. capitis. In this study, the role of S. epidermidis aap in enhancing biofilm formation and conferring an advantageous growth in PCs was investigated.
Introduction
Bacterial contamination in platelet concentrates (PCs) poses a major safety risk to transfusion patients [1] [2] [3] . PCs are a therapeutic product suspended in plasma or additive solution with neutral pH containing high dextrose concentrations. Furthermore, PCs are stored in gaspermeable plastic containers under constant agitation at 22 -2°C for up to 7 days. These conditions offer contaminating bacteria an ideal environment for proliferation [1, 4] . Coagulase-negative staphylococci, mostly found in human skin, are predominantly implicated in bacterial contamination of PCs with Staphylococcus epidermidis as the main aerobic contaminant while other staphylococci, such as Staphylococcus capitis, have been implicated with lower contamination rates [5] [6] [7] [8] . Despite mitigation strategies to reduce the risk of septic transfusion events, fatal transfusion-associated cases due to contamination of PCs with S. epidermidis still occur [2, 3] .
Detection of staphylococci during PC screening is challenging due to the slow growing characteristics of these organisms and their ability to adhere to the inner surface of PC plastic bags forming bacterial aggregates enclosed in a matrix known as biofilms [9] [10] [11] . During PC storage, activated platelets secrete antimicrobial peptides (AMPs), which have antibacterial properties [12, 13] . We have demonstrated that S. epidermidis biofilms are resistant to the bactericidal action of AMPs [14] , and it is thus proposed that biofilm formation during PC storage results in advantageous growth of this organism in PCs.
The staphylococcal biofilm matrix is typically composed of polysaccharides such as the polysaccharide intercellular adhesin (PIA), but it can also contain proteins (including the accumulation-associated protein; Aap), and extracellular DNA [15] . Rohde and co-workers demonstrated that S. epidermidis strains unable of PIA production were still able to form Aap-based biofilms [16] . Aap is encoded by the aap gene and is a cell wall-anchored protein (LPXTG) composed of two domains (A and B). The A domain is involved in bacterial adhesion to epithelial cells and plastic surfaces. Upon cleavage of the A domain, the liberated B domain enhances cell-to-cell accumulation promoting biofilm formation [16] [17] [18] [19] .
Recent skin microbiome studies have shown that the antecubital area (venipuncture site) is predominantly colonized by anaerobic Propionibacterium spp., followed by Corynebacterium spp and Staphylococcus spp. [20] . Although Cutibacterium acnes (formerly known as Propionibacterium acnes) is the predominant anaerobic skin colonizer, within the genus Staphylococcus, coagulasenegative S. epidermidis is the species most frequently isolated from skin, followed by S. capitis and Staphylococcus hominis [21] . It is not clear whether the predominance of S. epidermidis as a PC contaminant is only due to its prevalence as a skin contaminant or to other factors. Intriguingly, we have demonstrated that when present at equal initial concentrations in PCs, S. epidermidis outcompetes S. capitis [22] . A genetic comparison of the genomes of S. epidermidis and S. capitis revealed that the two bacteria are phylogenetically close and belong to the S. epidermidis group [23] . S. capitis has several of the genes that are involved in biofilm formation in S. epidermidis but it does not carry the aap gene; instead, it carries the pls gene encoding for the plasmin-sensitive protein (Pls), which shares domain and sequence homology with S. epidermidis Aap [23] . Here, we have assessed the role of S. epidermidis aap in enhancing biofilm formation thereby conferring a proliferative advantage to this bacterium in PCs.
Materials and methods

Bacterial strains, plasmids and culture conditions
Bacterial strains and plasmids for this study are listed in Table 1 . Staphylococcus was grown in trypticase soy broth (TSB; BD Biosciences) or TSB agar (TSA; BD Biosciences). Wild-type S. epidermidis 1457, S. epidermidis 1457Δaap, S. epidermidis 1457Δaap/pRBaap, wild-type S. capitis 517 and S. capitis 517/pRBaap were used for aap studies. S. capitis strains 512, 517, 521, 525, 07/2010 were used for PCR amplification of the pls gene. S. epidermidis 1457 and S. capitis 517, and their derivatives, were used for competition studies. Escherichia coli was grown in Luria-Bertani broth (LB; EMD Chemicals) or LB agar. E. coli DC10B was used for plasmid passage to bypass the strong restriction barrier present in S. epidermidis and S. capitis [24] [25] [26] . When appropriate, antibiotics were used at concentrations of 10 lg/ml chloramphenicol (Cm, Fisher Scientific) or 10 lg/ml tetracycline (Tet, Sigma-Aldrich).
Polymerase chain reaction (PCR) for amplification of S. epidermidis aap S. epidermidis aap and S.
S. capitis pls capitis pls
The primer pair used to amplify S. epidermidis aap was aap for 2 (5 0 -GAAGCACCGAATGTTCCAACTATC-3 0 ) and 
Plasmid transformation
E. coli
Electroporation of pRBaap and pRB474 (Table 1 ) into E. coli DC10B was performed as follows: overnight cultures of E. coli were grown in 10 ml LB and then diluted with fresh LB (1:100) and incubated at 37°C with agitation at 260 rpm to obtain an OD 600 = 0Á5 (final volume 40 ml). The cultures were chilled in ice for 15 min, with all following steps performed in ice. Cells were harvested at 5000 9 g for 5 min at 4°C, and pellets were resuspended in 40 ml of sterilized cold water. The centrifugation and resuspension steps were repeated once. The cells were then centrifuged and resuspended first in 20 ml, then in 2 ml and finally in 80 ll of sterilized cold 10% glycerol. Aliquots of 40 ll were prepared and frozen at -80°C. For electroporation, competent cells were thawed in ice, and approximately 0Á02-0Á05 lg of plasmid was added to competent cells followed by electroporation at 1Á8 kv, 2Á5 ms in a MicroPulser electroporator (Bio-Rad) at room temperature. Electroporated cells were immediately resuspended in 0Á5 ml of super optimal broth supplemented with glucose (SOC; Qiagen). The culture was incubated at 37°C for 60 min, and then 200 ll was separately plated onto two TSA Cm plates, which were incubated overnight at 37°C.
Staphylococcus
Electroporation of E. coli-derived pRBaap and pRB474 into S. epidermidis 1457Δaap was performed for complementation studies. Transformation of pRBaap into S. capitis 517 was performed to investigate the role of S. epidermidis aap on biofilm formation and proliferation while transformation of pRB474 into S. capitis 517 was used as a control. S. capitis 517 carrying S. epidermidis aap was named S. capitis 517/pRBaap (Table 1) . The electroporations were performed as follows: electrocompetent cells were prepared as described by Monk and colleagues [25] with some modifications. Overnight cultures of S. epidermidis were grown in 10 ml TSB and then diluted with fresh TSB to an optical density of 578 nm = 0Á5 in a final volume of 40 ml. The cultures were incubated for 30 min at 37°C and then chilled in ice for 10 min, with all following steps done in ice. The cells were harvested at 4000 9 g for 10 min at 4°C and the pellets were resuspended in 40 ml of sterilized cold water. The cells were centrifuged and resuspended once again. The centrifugation and resuspension steps were repeated first in 4Á7 ml, then in 1Á8 ml, and finally, in 235 ll of sterilized cold, 10% glycerol and aliquots of 40 ll were prepared. For electroporation, a competent cells aliquot was placed in ice for 5 min and then left at room temperature for 5 min. The cells were then centrifuged at 11337 9 g for 3 min and resuspended in 40 ll of sterilized 10% glycerol and 500 mM sucrose. Approximately 0Á1-0Á5 lg of plasmid was added to the competent cells, followed by electroporation at 2Á1 kv, 2Á5 ms in a MicroPulser electroporator. Cells were immediately resuspended in 0Á5 ml of TSB supplemented with 500 mM sucrose. The culture was incubated at 37°C for 60 min, and then 200 ll was separately plated onto two TSA plates containing 10 lg/ml chloramphenicol (TSA Cm ) and then incubated overnight at 37°C. S. capitis was electroporated as described above for S. epidermidis except that the plasmid concentration was increased to 1Á5-4 lg [26] .
Plasmid purification and confirmation
Plasmids pRB474 or pRBaap were extracted from E. coli DC10B using a QIAGEN MiniPrep Spin Kit 2.0 (QIAGEN) using the manufacturer's protocol. After purification, the plasmids were concentrated using an ethanol precipitation method [24] . pRB474 or pRBaap were then transformed into S. epidermidis 1457, S. epidermidis 1457Δaap or S. capitis 517 as described above, followed by plasmid purification as described above with the exception that staphylococcal suspensions were performed in Buffer P1 containing 0Á2 mg/ml lysostaphin (Sigma-Aldrich) and incubated at 37°C for 30 min prior to plasmid purification. Plasmid concentration was measured in a BioDrop lLITE (BioDrop) spectrophotometer and analysed using PCR and restriction digest. A 50 ll restriction digest mixture [15 ll plasmid (60-85 lg/ml), 5 ll NEBuffer, 1 ll restriction enzyme(s) and ddH 2 O to complete 50 ll] was prepared and incubated at 37°C for 75 min. Restriction enzymes (New England Biolabs) including Bgl1 individually or in combination with BamHI or Pst1 were selected for pRB474 while Kpn1 and Hindlll individually or in combination were selected for pRBaap to confirm plasmid identity.
Growth curves of S.
S. epidermidis epidermidis and S. S. capitis capitis
Growth curves were performed for the following isolates: S. epidermidis 1457, S. epidermidis 1457/pRB474, S. epidermidis 1457Δaap, S. epidermidis 1457Δaap/pRB474, 1457Δaap/pRBaap, S. capitis 517, S. capitis 517/pRB474 and S. capitis 517/pRBaap. Overnight cultures were adjusted to optical density (OD 600 nm ) = 0Á1 in TSB, followed by a 24-h incubation with constant agitation (approximately 260 rpm) at 37°C. Samples taken at times 0, 2, 4, 6 and 24 h were 10-fold serially diluted and plated on TSA. Plates were incubated overnight at 37°C followed by colony counting. Three separate experiments were performed.
Platelet concentrates
Whole blood units were collected from healthy volunteer donors and PC preparation (collection, sterility and storage) was performed in accordance with Canadian Blood Services Standard Operating Procedures. PC units were manufactured using the buffy-coat method by pooling four buffy-coats and suspending the pool in one of the four donors' plasma units. The PC pools were manufactured at the Canadian Blood Services Network Centre for Applied Development (netCAD, Vancouver). Ethical approval for this study was provided by the Canadian Blood Services Research Ethics Board.
Biofilm formation assays
Staphylococcus strains were streaked on TSA plates and grown overnight at 37°C. Few colonies were then selected to inoculate 3 ml of TSB followed by incubation at 37°C with agitation at approximately 260 rpm for 24 h. Overnight cultures were inoculated in duplicate into 6-well polystyrene tissue culture plates (Corning Inc., Corning, NY, USA) to a final concentration of approximately 10 7 CFU/ml with a final volume of 3 ml of either TSB supplemented with 0Á5% glucose (TSBg; Difco) or PCs. Plates containing TSBg were incubated at 37°C for 24 h while culture plates containing PCs were incubated under platelet storage conditions (at 20-24°C on a platform platelet agitator for 5 days) to obtain mature biofilms [11, 23] . A set of duplicate plates were prepared, one to be used for biofilm formation determination using a crystal violet method [11] , and the second for biofilm dislodging and determination of bacterial cell counts in the biofilms [23] .
Crystal violet assay
After biofilm formation, planktonic cells were removed by gently washing each well three times with 3 ml of phosphate-buffered saline (PBS; pH 7Á4) and stained for 30 min with 3 ml of 0Á3% crystal violet (Becton, Dickinson, and Company, Sparks, MD, USA). The wells were then washed three times with PBS to remove unbound crystal violet stain. Following the washing steps, 3 ml of distaining solution (20% acetone and 80% ethanol) was added to each well and incubated with agitation (approx. 100 rpm) for 15 min to elute the bound stain. Then, 200 ll samples were taken from each well and transferred to wells of a 96-well plate (Corning Inc., Corning, NY, USA). Absorbance readings of the bacterial cultures were subtracted from the negative controls (only TSBg or PCs with no bacteria added), which were read at a wavelength 492 nm in a microplate reader (Expert Plus, ASYS Hitech GmbH, Eugendort, Austria) [11] .
Viable cell determination
After biofilm formation, planktonic cells were removed by gently washing with PBS three times. Instead of adding crystal violet staining, 3 ml of PBS was added to each well and scraped cells were homogenized by repeated pipetting and vigorous mixing. Each suspension was serially 10-fold diluted and plated on TSA. Plates were incubated overnight at 37°C and colonies were counted [14, 23] .
Competition assays
Staphylococcus epidermidis 1457, 1457Δaap and 1457Δaap/pRBaap strains were used for competition studies with S. capitis 517 and S. capitis 517/pRBaap. Staphylococcal cultures were streaked on TSA plates and grown overnight at 37°C. Following incubation, three colonies were selected to inoculate 10 ml of TSB, which were incubated overnight at 37°C with agitation at approximately 260 rpm, then supplemented with 15% glycerol and adjusted to a turbidity corresponding to OD 600 = 0Á1. The homogeneous suspensions were divided into several aliquots (1Á0 ml) and stored at -80°C. One random aliquot was selected of each strain for determination of bacterial concentrations, thereby these stocks with predetermined concentration were used to inoculate PCs. Paired cultures of S. epidermidis and S. capitis at a 1:1 ratio were seeded in PCs (each strain had a final concentration of approximately 100 CFU/PC unit). After PC agitation for 20 min, 8-10 ml of PCs was injected into BacT/ALERT aerobic (BPA) culture bottles followed by incubation in the BacT/ALERT system to confirm bacterial survival. After 5 days of PC storage, spiked PC units were sampled for viable counts by serial dilutions and colony counts on TSA. S. epidermidis and S. capitis strains were differentiated on TSA plates as S. epidermidis 1457 produces white colonies while S. capitis 517 grows forming yellow colonies [23] . Five colonies of S. capitis 517/ pRBaap after day 5 incubation in PCs were subcultured twice on TSA Cm and the presence of pRBaap was confirmed by PCR. For direct competition assays between S. capitis 517 and S. capitis 517/pRBaap, spiked PC units were sampled on plain TSA and TSA Cm (only S. capitis 517/pRBaap can grow in the presence of chloramphenicol) and the difference in the number of colonies obtained between plain TSA and TSA Cm yielded the colony counts of S. capitis 517. 
Statistical analyses
A log-10 transformation was used for viable cell counts, and calculation of means and standard deviations (SDs) was performed using Microsoft Excel. A mixed-model analysis was performed using Statistical Analysis System software (SAS Institue, Inc.). P values <0Á05 were considered significant. Biofilm formation assays were performed three independent times with two replicates per repetition while competition assays were performed three independent times.
Results
PCR detection of the aap aap and pls pls genes
The presence of the aap gene in S. epidermidis and S. capitis strains was determined by PCR amplification. A 3209 bp gene fragment containing aap was amplified from S. epidermidis 1457 but not from S. epidermidis 1457Δaap. While aap was absent in S. capitis 517 and S. capitis 517/pRB474, the gene was detected in the transformed strain S. capitis 517/pRBaap (Fig. 1a) . The presence of S. capitis pls, an aap homologous, was determined by PCR amplification in five S. capitis strains. The gene was only detected in S. capitis 512 (Fig. 1b) .
Staphylococcus epidermidis aap Staphylococcus epidermidis aap enhances biofilm formation in PCs but not in TSBg
Growth curves performed in TSB confirmed that no differential growth was observed between any of the S. epidermidis and S. capitis isolates (Fig. S1 ). Biofilm formation assays of S. epidermidis and S. capitis strains were performed in TSBg and PCs. Figures 2a and b show that S. epidermidis aap had no effect on biofilm formation when assays were performed in TSBg. However, biofilm formation of S. epidermidis 1457 in PCs was higher than biofilm formation of S. epidermidis 1457Δaap and S. epidermidis 1457Δaap/pRB474 (P < 0Á05). Complementation studies of the S. epidermidis 1457Δaap mutant with plasmid pRBaap restored biofilm formation ( Fig. 2c  and d) . Notably, S. capitis 517/pRBaap showed enhanced biofilm formation compared to S. capitis 517 and S. capitis 517/pRB474 (Fig. 2c and d) .
Staphylococcus epidermidis aap Staphylococcus epidermidis aap confers proliferative advantage in PCs
Competition assays between S. epidermidis and S. capitis were performed following previously established protocols [21] . S. epidermidis 1457 was inoculated along S. capitis 517 at a 1:1 ratio in PCs on day 0. After 5 days of PC storage, S. epidermidis 1457 reached a higher concentration than S. capitis 517 (P < 0Á05) (Fig. 3) . However, the concentration of S. epidermidis 1457Δaap was significantly lower compared to wild-type S. epidermidis 1457 (P < 0Á05) (Fig. 3) . Importantly, direct competition assays between S. capitis 517 and S. capitis 517/pRBaap resulted in preferential proliferation of the isolate carrying aap. Similarly, S. capitis 517/pRBaap showed greater growth in comparison with the S. epidermidis 1457Δaap mutant strain (Fig. 3) .
Discussion
In this study, we demonstrated that S. epidermidis aap enhanced biofilm formation and conferred an advantageous growth to S. epidermidis and S. capitis in PCs. Previously, we observed that PIA-negative S. epidermidis strains, with a biofilm-negative phenotype, could form biofilms in PCs with enhanced pathogenicity [11, 27] . Furthermore, we have shown that biofilms formed by S. epidermidis are more likely to elude detection during platelet screening using automated culture systems [11] . In addition, several studies have documented biofilmpositive clinical infections caused by PIA-negative S. epidermidis. This suggests the involvement of PIA-independent biofilm formation mechanisms [16, 28] . In a recent study, we demonstrated that the structure of the cell wall and the biofilm matrix of S. epidermidis are remodelled when grown in PCs, displaying a biofilm matrix of proteinaceous nature [15] . Protein-dependent biofilm formation may involve several proteins such as Aap, extracellular matrix-binding protein (Embp) or/and biofilm-associated protein (Bap) [28] [29] [30] . Schaeffer and colleagues demonstrated that Aap was implicated in S. epidermidis biofilm formation, and a knockout of the aap gene significantly reduced S. epidermidis concentration compared to a wild-type strain, using a rat jugular catheter model [17] . Since the majority (~90%) of S. epidermidis isolates have aap [28] , which is absent in S. capitis [22] , we aimed to investigate the role of S. epidermidis aap in enhancing biofilm formation and conferring an advantageous growth to staphylococci in PCs.
Our studies demonstrated that S. epidermidis aap had no effect on biofilm formation by S. epidermidis and S. capitis strains under laboratory storage conditions. However, a knockout of the aap gene significantly reduced the ability of S. epidermidis for biofilm formation in PCs. In addition, S. capitis carrying S. epidermidis aap displayed enhanced biofilm formation in PCs compared to native S. capitis confirming the role of S. epidermidis aap in biofilm formation during PC storage, and supporting our previous study with S. epidermidis forming protein-based biofilms in PCs [15] . Since S. epidermidis is the predominant aerobic bacterium in the skin [20] , we speculate that S. epidermidis aap could also confer predominance of S. epidermidis in the skin since the A domain of Aap is known for promoting adhesion to corneocytes [18] . Similarly, the Aap A domain has been shown to enhance attachment to plastic surfaces that could be linked to increased adhesion to PC plastic bags resulting in enhanced biofilm formation [17] . As cleavage of the A domain by endogenous proteases (e.g. SepA) and host-derived proteases (e.g. granulocyte We have previously demonstrated that S. epidermidis outcompetes S. capitis in PCs [22] . This is not due to differences in growth dynamics between the two species as growth curves conducted herein were indistinguishable for all the isolates tested in the biofilm formation and competition experiments. To prove that S. epidermidis aap plays a role in preferential proliferation in PCs, competition assays were performed between S. epidermidis and S. capitis strains with different genetic backgrounds. Our results demonstrated that aap conferred an advantageous growth in PCs as the S. epidermidis aap knockout resulted in lower bacterial concentrations than its wildtype counterpart. Comparable results were shown by Schaeffer and co-workers who reported that the knockout of aap gene reduced S. epidermidis concentration up to 3 Log 10 using a rat catheter model [17] . More importantly, we demonstrated that S. capitis carrying aap reached higher concentrations compared to native S. capitis and the S. epidermidis aap mutant. Paired competition experiments between different S. epidermidis isolates were not performed; however, competition experiments with S. capitis 517 and S. capitis 517/pRBaap were direct (i.e. same genetic background), and therefore, our observations solidly support the role that aap plays in favouring growth of S. epidermidis in PCs.
We hypothesize that the presence of aap allows the formation of protein-based biofilms in PCs, which we have recently demonstrated to confer resistance to AMPs [14] , resulting in preferential bacterial proliferation in this environment. Whether S. capitis pls plays a similar role as S. epidermidis aap was not determined since the only strain carrying pls, S. capitis 512, cannot be used for competition assays because it produces white colonies which are undistinguishable from S. epidermidis colonies.
To our knowledge, our study is the first to investigate the role of aap on staphylococcal biofilm formation in PCs. In medical settings, biofilms have become a significant concern since bacterial cells embedded in a biofilm display high resistance to antibiotics, disinfectants and immune clearance [31] . Since the knockout of aap in S. epidermidis reduced but did not eliminate biofilm formation in PCs, there may be other proteins such as Embp and Bap involved in this process [28, 30, 32, 33] , which merits further investigation. Our results showed that aap enhances biofilm formation and confers an advantageous growth to S. epidermidis and S. capitis in PCs. It would be interesting to expand these experiments to include other coagulase-negative staphylococci and to investigate the molecular mechanism of action of Aap during staphylococcal proliferation in PCs.
